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Polymerase II (Pol II) machinery for production of viral mRNAs culminating in host 38 transcriptional shut off. The mechanism behind this rapid reprogramming of the host 39 transcriptional environment is largely unknown. We identified ICP4 as responsible for 40 preferential recruitment of the Pol II machinery to the viral genome. ICP4 is a viral 41 nucleoprotein which binds double stranded DNA. We determined ICP4 discriminately binds 42 the viral genome due to the absence of cellular nucleosomes and high density of cognate 43 binding sites. We posit that ICP4's ability to recruit not just Pol II, but also more limiting 44 essential components, such as TBP and Mediator create a competitive transcriptional 45 environment. These distinguishing characteristics ultimately result in a rapid and efficient 46
reprogramming of the host's transcriptional machinery, which does not occur in the absence 47 of ICP4. These results demonstrate that ICP4 binds to specific sites, but also coats the genome 123 early in infection forming a type of nucleoprotein. Due to mass action, ICP4-nucleoprotein 124 changes as infection proceeds, limiting binding to predominantly strong cognate binding sites 125 as the number of genomes increase due to replication. 126 127 ICP4 stabilizes GTF binding promoting cooperative preinitiation complex (PIC) 128
assembly. 129
We wanted to investigate how the formation of ICP4-nucleoprotein affects the 130 transcription factor landscape across the viral genome. We compared the binding of ICP4, 131
Pol II, TATA-binding protein (TBP), SP1, Med1, and Med23 in ICP4 null (n12) and wild-type 132 (WT) HSV-1 infected human fibroblasts at 2.5 hpi by ChIP-Seq ( Fig. S1 ). In the absence of 133 ICP4, we observed a decrease in binding for all the factors to most viral promoters, with the 134 exception of IE genes ( Fig. 2A-B) , where there was an increase in binding. There were 135 detectable, although highly reduced, peaks of TBP and SP1 binding to the UL23 promoter in 136 the absence of ICP4. It has been previously shown that these sites are functional in the n12 137 background reflecting the basal binding activity of TBP and SP1 (Imbalzano et al., 1991) (Fig. 138 2B). Similar to UL23 we observed TBP and SP1 bound to select E promoters in the absence 139 of ICP4, namely UL23, UL29, UL39, and UL50 ( Fig. S1) . 140
Med1 and Med23 bound the viral genome with an almost identical pattern ( Fig. S1 , 141 resembling the ICP4 binding pattern. This dense coating was completely absent in n12 7 infection, demonstrating this phenotype is not an artifact of the IP. We suspect this reflects 146 the fact that ICP4 and Mediator interact. 147
In the absence of ICP4, the binding of Pol II was reduced the most compared to the 148 other transcription factors ( Fig. 2A ). This magnified difference is likely a result of the 149 cooperative nature of Pol II recruitment requiring multiple protein-protein interactions. In 150 summary ICP4 was required for robust recruitment of all GTF's tested, cooperatively 151
recruiting Pol II to E and L promoters. The difference between n12 and WT shows the extent 152 by which ICP4 mediated recruitment and bolstered the frequency of PIC assembly. IE 153 promoters retained robust GTF recruitment via an independent mechanism involving a 154 complex consisting of Oct-1, HCF and VP16 binding to TAATGARAT promoter elements 155 
Genome bound ICP4 does not affect accessibility. 157
Part of the mechanism of ICP4 action in the recruitment of GTFs to the genome may 158 involve a role in the exclusion of repressive chromatin. To address this hypothesis, we 159 investigated the relationship between presence of ICP4, the abundance of histones, and the 160 accessibility of the genome. We used ChIP-Seq to compare the binding of ICP4, Pol II, and 161 histone H3 in n12 and WT HSV-1 infected human fibroblasts at 2 hpi ( Fig. 3 ). We found in 162 both WT and n12 infection that the number of H3 reads mapped to the viral genome was 163 100-fold less than ICP4, and the pattern was nearly identical to input reads ( Fig. 3A) , with 164 R 2 correlations of 0.0004 and 0.02 ( Fig S2) . These data demonstrated H3 binding to the viral 165 genome was minimal and not reproducible. Furthermore, H3 binding was still minimal in the 166 absence of ICP4 (n12). This was not due to technical issues as the number and quality of H3 167 reads mapped to the cellular genome for the same samples was approximately 10 million 168 8 with R 2 correlations of ≥0.97 ( Fig. S3 ). We saw a similar trend with H3K4me3, H3K27ac, 169
H3K9me3, and H3K27me3 reads mapped to the viral genome ( Fig S2&4) . 170
Although H3 binding to the viral genome was similar in WT and n12 infection, we could 171 not rule out the role of an alternative protein occluding the genome. To investigate genomic 172 accessibility, we performed ATAC-Seq. Human fibroblasts were infected with WT and n12 173
HSV-1 at an MOI of 10 pfu/cell and collected prior to the onset of genome replication. 174
Quantification of ChIP-Seq input reads allowed us to determine that the approximate number 175 of genomes per cell in WT and n12 infection was 169 and 254, respectively ( Fig 3C) . This 176 value is consistent with infecting at an MOI of 10 pfu/cell and an approximately particle to pfu 177 ratio of 20-30. We normalized ATAC-Seq traces to adjust for sequencing depth and input 178 genome number. We observed even tagmentation in both conditions absent the nucleosomal 179 laddering visible on the cellular genome ( Fig 3B) . Quantification of ATAC-Seq reads 180 determined that the viral genome in n12 and WT was 2.8 and 4-fold more accessible than the 181 cellular genome ( Fig 3C) . As we harvested samples pre-replication, we expect that a 182 significant portion of viral genomes are defective and will not undergo replication. Our ATAC-183
Seq data is thus an average of tagmentation for defective and active viral genomes. For this 184 reason, we expect our accessibility calculation is an underestimate. We conclude that the 185 viral genome was much more accessible than the cellular genome, and this increased 186 accessibility was not ICP4-dependent. ICP4 binding and GTF recruitment, not viral genome 187 accessibility, was responsible for robust GTF binding. 188
189

ICP4 binds to cellular transcription start sites (TSS) early during infection. 190
Immunofluorescence (IF) studies of HSV-1 infection depict colocalization of ICP4 with 191
EdC-labeled viral genomes and exclusion from dense areas of cellular chromatin 192 (Dembowski and DeLuca, 2015). This phenomenon is so well established that ICP4 is largely 193 used in IF studies as a proxy for HSV-1 genomes. To ascertain if ICP4 also binds to the 194 cellular genome, we aligned our ICP4 ChIP-Seq data from 2, 4, and 6 hpi to the cellular 195 genome. ICP4 bound to the cellular genome in a manner quite distinctive from the pattern 196 observed on the viral genome. ICP4 only bound in distinct peaks around cellular transcription 197 start sites (TSS) ( Fig. 4E -F) of a subset of cellular genes (Fig. 4B ). These genes grouped 198 ontologically to common housekeeping functions including pathways related to chromatin, 199 transcription, and metabolism ( Fig 4C) . This binding reduced from 2 to 4 hpi, and become 200 negligible at 6 hpi ( Fig. 4) . At 2 hpi ICP4 bound to the cellular genome at 5,727 sites ( Fig. 4D ) 201 or 0.002 peaks per kbp, whereas ICP4 bound to the viral genome at 122 sites ( Fig. 1E ) or 0.8 202 peaks per kbp. Similar we found a much greater density of ICP4 binding motifs present in the 203 viral genome (2 motifs/kbp) than the cellular genome (0.02 motifs/kbp). We observed ICP4 204 binding peaks that did not localize at an ICP4 binding consensus ( Fig. 4A ) suggesting that 205 ICP4 may associate with the cellular genome by an alternative mechanism. We conclude that 206 ICP4 bound to the cellular genome early during infection, when the relative concentration of 207 ICP4 to viral genomes is still quite high. The amount of ICP4 on the cellular genome quickly 208 dropped off as viral genome number increased and ICP4 preferentially bound to the viral 209 genome. 210
211
ICP4 binding is restricted to accessible regions of the cellular genome. 212
Since ICP4 bound to a subset of cellular genes near mRNA start sites ( Fig. 4) , We 213
hypothesized that ICP4 only bound to accessible regions of the cellular genome. To test this 214 hypothesis, we performed ChIP-Seq for ICP4, Pol II, Histone H3 (H3), euchromatic markers 10 H3K9-trimethyl (H3K9me3) and H3K27-trimethyl (H3K27me3) on MRC5 cells that were 217 infected with HSV for 2 h. Cellular TSS were stratified using k-means clustering as high and 218 low ICP4 binding ( Fig. 5A ). TSS with high ICP4 binding were also bound by Pol II and 219 adjacent to euchromatic markers. TSS with low ICP4 binding were associated with only 220 heterochromatic markers. Furthermore, genes clustered as high ICP4 binding had higher 221 tagmentation frequency when assessed using ATAC-Seq ( Fig. 5 B) . The data was mapped 222 for representative cellular genes in Fig. S5 . We quantified the relationship between ICP4 and 223 cellular chromatin in Fig. 5C -D. We found that the binding pattern of ICP4 was directly related 224 (Spearman coefficient ≥0.5) to Pol II and cellular euchromatin, clustering as most similar to 225
H3K27ac and H3K4me3 (Fig. 5C ). The heterochromatic markers, H3K9me3 and H3K27me3, 226 clustered together, and were not correlated (Spearman coefficient ~0) to ICP4 or cellular 227 chromatin. These results were corroborated by analysis of distinct peaks called using MACS 228 ( Fig. 5D ). Interestingly, ICP4 bound regions had little overlap with their cognate binding motifs 229 ( Fig. 5D ). A closer analysis of the actual genomic region where each factor bound, revealed 230 that 82% of ICP4 bound regions were within 1 kb of a promoter ( Fig. S6 ). By comparison only 231 10% of ICP4 predicted binding motifs were within 1 kb of a promoter. Furthermore, the 232 euchromatic regions of the cellular genome that were occupied by ICP4 in infected cells were 233 also euchromatic in uninfected cells, indicating that ICP4 does not globally promote open 234 chromatin in these regions of the genome (Fig. 5A-B) . These data support a model in which 235 ICP4 is able to bind nonspecifically to accessible regions of the cellular genome, namely 236 active promoters, early in infection when the relative concentration of ICP4 is high. 237
ICP4 mediates depletion of Pol II on cellular promoters 238
We observed depletion in Pol II binding to cellular promoters with infection ( Fig. 5A) . 2019). As we harvested samples prior to the onset of genome replication (2 hpi) we 242 hypothesized that ICP4, which is produced immediately upon viral infection was responsible. 243
First, we determined the effect of ICP4 on cellular promoters before the onset of genome 244 replication. We mock-infected or infected fibroblasts at 10 pfu/cell with WT or ICP4-null (n12) 245
HSV-1 for 2 h. We chose this early time point to ensure the effect we see is due to the 246 absence of ICP4, rather than an E or L viral gene product which cannot be produced in the 247 absence of ICP4. We observed depletion of Pol II occupancy on cellular mRNA promoters 248 only in WT infection ( Fig. 6A-B ). Thus we concluded that ICP4 was required for depletion of 249
Pol II from host mRNA promoters, and this effect was independent of viral genome copy 250
number. 251
We then assessed whether ICP4 was continuously required for cellular Pol II 252 depletion, namely if ICP4 was still essential even after the onset of genome replication. We 253 used a temperature sensitive ICP4 mutant (tsKos), in which growth at nonpermissive 254 temperature (39.6 o C) results in loss of ICP4 in the nucleus (Dremel & DeLuca 2019). We 255 infected fibroblasts with tsKos grown at permissive conditions (P), shifted up from permissive 256 to nonpermissive conditions at 4 hpi (S), or nonpermissive conditions (N). In this system we 257
can separate the role of ICP4 in Pol II depletion, from ICP4's requirement in E and L 258 transcription and viral genome replication. Infected cells were harvested at 4 or 6 hpi and Pol 259 II ChIP-Seq was performed. We used nonpermissive conditions as a surrogate to mock-260 infection, as we just established that Pol II depletion does not occur in n12 infection ( Fig. 6A-261 B). We observed significant depletion of Pol II from cellular promoters in permissive and 262
shifted samples ( Fig. 6C-D) . Pol II depletion was not directly related to viral genome copy 263 number. tsKos shifted up had the highest number of viral genomes present, but did not reach 264 the same level of cellular Pol II depletion as cells grown at permissive temperature for the 265 same length of time. These data suggest that the viral genome is not solely responsible for 266 preferential recruitment of cellular Pol II. Instead ICP4 bound to the viral genome is required 267 for depletion of Pol II from cellular promoters. These results suggest a model in which 268 genome replication facilitates host Pol II depletion when the relative number of ICP4 to viral 269 genomes is high (2h). As the number of ICP4 bound viral genomes increased, we observed a 270 corresponding decrease in Pol II on host promoters. Early during infection, we also observed binding of ICP4 to cellular promoters, a novel 310 observation. ICP4 only bound highly transcribed cellular promoters-largely housekeeping 311 genes-and specifically bound where there was an absence of histones, adjacent to 312 euchromatic markers. The consequences, if any, of this binding for the transcription of 313 specific cellular genes remains to be determine. The binding of ICP4 to the cellular genome 314 was greatly diminished by 4 hpi, which corresponded to 3-4 viral genome duplications. At this 315 time point we also observed a decrease in ICP4 coating the viral genome. However, ICP4 still 316 bound abundantly, concentrating adjacent to strong cognate binding sites. This is most likely 317 due to replication of the viral genome producing more ICP4 binding targets. Simple mass 318 action results in binding to predominantly higher affinity sites. We propose that the binding 319 preference of ICP4 for the viral genome is due to the 100-fold higher density of cognate 320 binding sites and absence of cellular histones. 321
ICP4 as both viral transcription factor and chromatin 323
HSV-1 productive infection generates 1,000-10,000 viral progeny per infected cell Herein we identified the viral factor responsible for coopting the host Pol II machinery. 331
McSwiggen et al. proposed this phenomenon was dependent on the absence of 332
nucleosomes which made the viral genome 100-fold more accessible than the cellular 333 genome. While we agree that this accessibility is critical for viral infection, we believe it is 334 essential for ICP4 binding. Similar to cellular chromatin, ICP4 coats the viral genome 335 throughout productive infection (Fig. 7) . However, ICP4 also functions to scaffold Pol II 336 transcription machinery to the viral genome. We demonstrated that Pol II depletion from 337 cellular promoters was dependent on the number of ICP4 bound viral genomes. We propose 338 that one or more components of the PIC, such as the ICP4 binding partners TFIID and 339
Mediator, are limiting and ICP4 recruits these factors to the viral genome. As the number of 340 viral genomes bound by ICP4 increases, the limiting PIC components no longer contacts 341 cellular promoters. Ultimately this results in decreased Pol II occupancy on host promoters, 342 preventing cellular transcription. This mechanism is essential to facilitate the rapidly 343 progressing infection while limiting the extent to which the host can respond to viral 344 challenge. This mechanism may explain how HSV-1 and -2 complete the infectious life cycle 345 faster than other herpesviruses. 346
MATERIALS AND METHODS 347
Cells and Viruses 348
Vero (African green monkey kidney) and MRC5 (human fetal lung) cells were obtained from 349 
Viral Infection 361
MRC5 cells were infected with 10 PFU per cell. Virus was adsorbed in tricine-buffered saline 362 (TBS) for 1 hour at room temperature. Viral inoculum was removed, and cells were washed 363 quickly with TBS before adding 2% FBS media. Infected samples were incubated at 37 o C 364 unless otherwise specified. 365
ChIP-Sequencing 366
Infected cells were treated with 5 mL of 25% formaldehyde for 15 minutes at room with chloroform-isoamyl alcohol (24:1) and then purified using Qiagen PCR cleanup columns. 388
Each sample was quantified using a Qubit 2.0 fluorometer (Invitrogen) and 2-20 ng was used 389 to create sequencing libraries using the NEBNext Ultra II DNA Library preparation kit (NEB 390 #E7103S). Libraries were quantified using the Agilent DNA 7500 Kit, and samples were 391 mixed together at equimolar concentration. Illumina HiSeq 2500 single-end 50 bp sequencing 392 was carried out at the Tufts University Core Facility. 393
ATAC-Sequencing 394
We adapted the protocol from Buenrostro et al. (Buenrostro et al., 2013) . Briefly, 2 million 395 MRC5 cells were plated into 60 mm dishes and allowed to grow overnight. Cells were 396 infected as described above. Uninfected and n12 infected cells were harvested at 4 hpi. WT 397 HSV-1 infected cells were harvested pre-replication at 2 hpi. Infected samples were washed 398 once with chilled TBS and lysis-1 buffer [10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 mM MgCl 2 ]. 399
Samples were incubated with 2 mL lysis-2 buffer [10 mM Tris-HCl pH 7.4, 10 mM NaCl, 3 400 mM MgCl 2 , 0.1% Igepal CA-630] for 3 minutes on ice. Cells were gently resuspended and 401 dounced until nuclei were visible via trypan blue staining. Nuclei were spun at 500 g for 10 402 min at 4 o C and resuspended in lysis-1 buffer. 500 µL (10 6 cells) was transferred to an 403 epindorf tube and spun at 500 g for 10 min at 4 o C. Nuclei were resuspended in 22 µL buffer 404 for sequencing depth and genome quantity. Mapped reads were multiplied by the "norm 419
factor" which was calculated as the inverse of ( )/( + 420 ( ))× or ( )/ × 421 . ChIP-Seq experiments were repeated for a total of 2 to 4 biological 422 replicates. The normalized bigwig files were averaged between replicates. Heatmaps and 423 gene profiles were generated using MultiBigwigSummary (Ramírez et al., 2016) on 424 normalized cellular bigwig files to all UCSC annotated mRNAs. Gene profiles and heatmaps 425 were plotted using plotProfile and plotHeatmap (Ramírez et al., 2016) . Spearman correlation 426 analysis was performed using deeptools plotCorrelation on multiBigwigSummary limited to 427 cellular transcripts (Ramírez et al., 2016) . 428
Peak Calling 429
Viral peaks were called using MACS2 call peak (Feng et al., 2012), pooling treatment and 430 control files for each condition. Due to the small size of the viral genome (151974 bp) we 431 could not use the shifting model option (--nomodel). To offset the dense binding of ICP4 we 432 used a fixed background lambda as local lambda for every peak region and a more 433 sophisticated signal processing approach to find subpeak summits in each enriched peak 434 region (--call-summits). 435
Cellular peaks were called using MACS2 (Feng et al., 2012). We first removed non-uniquely 436 mapped sequences with SAMtools, filter SAM or BAM for a minimum MAPQ quality score of 437 20 (Subgroup et al., 2009 ). We determined the approximate extension size for each IP using 438 MACS2 predictd, and averaging the size estimate between replicates. We ran MACS2 call 439 peak for individual replicates and pooled samples with no shifting model (--nomodel). To 440 determine high confidence peaks present in each MACS2 output we used Galaxy Operate on 441
Genomic Intervals, Join. Peak intersection was analyzed for intersection size and jaccard 442 statistic using JaccardBed (Ramírez et al., 2016) . ChIPseeker was run on MACS2 outputs to 443 assess the cellular regions bound in each condition (Yu et al., 2015) . 
